SUMMARY
Methicillin-resistant Staphylococcus aureus (MRSA) is recognized as a major nosocomial pathogen in hospitals and long-term care centres. This pathogen is introduced into such institutions by colonized or infected patients or colonized healthcare workers. It has been widely accepted that the principal route for MRSA transmission from patient to patient within an institution is via the colonized hands of hospital personnel who have acquired the organism after direct contact with a colonized patient or after handling contaminated materials 1, 2 . Healthcare personnel harbouring the organism persistently have also been implicated in nosocomial transmission 3 .
Airborne mode of transmission of MRSA is underemphasized with only a limited number of studies examining the issue. In one study, the finding of the presence of MRSA in the nostrils of healthcare personnel led to the authors' inference that the acquisition of the pathogen is from inhaled, airborne particles 4 . Other studies using air sampling have only rarely identified MRSA, except in the case of burn units 5 . One previous study has shown that Staphylococcus aureus could be isolated from air samples in an intensive care unit 6 . However, the authors of this study aimed to compare different modes of transmission of microbes in general, and provided no specific emphasis or information about MRSA colonized patients. To date, no study has attempted to relate the presence of MRSA colonized patients with air contamination by MRSA, especially in the ICU setting. The establishment of this relationship is particularly important because ICU patients are recognised as at high risk for MRSA colonization and infection 7, 8 and may be potent sources for cross contamination and spread once colonized.
The Nepean Hospital ICU was recently expanded by the addition of a new twelve-bed extension.
Preliminary results of air sample cultures from the original unit lead us to speculate that MRSA was at least in part transmitted by contaminated air (unpublished results). In this study, we examined air contamination by MRSA in a new, initially MRSA-free ICU, and related the finding of MRSA in air sample cultures to the presence of MRSA colonized or infected patients over a 32-week period.
METHODS

Air sampling
The new Nepean Hospital ICU is a 20-bed unit with approximately 100 patient admissions per month. The unit is geographically divided into two areas, ICU-1 and ICU-2, 15 metres apart, which are joined by a corridor. This study was conducted only in ICU-1, the newer unit, and comprises four single rooms and eight open beds. Negative air pressure is maintained in the single rooms by exhaust fans when doors are closed (as stipulated by policy on admission of MRSA colonized patients). Air samples were collected from six locations in ICU-1, including two single rooms and four open-bed areas, from the first day of opening. The locations of air sampling are shown in the schematic floor plan in Figure 1 . MRSA colonized patients were confined to the single rooms, except when all these rooms were occupied. In these circumstances, the extra patients were kept in open beds confined to the southern end of the unit in close proximity to the single rooms.
Air sampling was carried out using a Merck MAS-100 microbiological air sampler (MBV AG, Switzerland) at an aspiration rate of 100 l/minute for 10 min (i.e. sample volume of 1000 litres or 1.0 m 3 ), impacting onto standard 90 mm Petri plates containing MRSA selective (MAMSA) agar 9 . These agar plates were incubated at 35°C and then examined at 24 and 48 hours for colonies suggestive of MRSA. Isolates were identified by standard microbiological methods. Polymerase chain reaction detection of nuc and mecA genes was used to confirm the identity of MRSA isolates 10 . burden in positive samples beyond the detection threshold because of the volume of work involved in separately confirming the identity of all putative MRSA colonies when several colonies were present. Despite the use of MRSA selective media (designed for culture of clinical samples and not environmental samples), organisms other than MRSA were frequently present. Sampling at each location occurred three times weekly.
Infection control practice
Guidelines for infection control were stringently followed by all personnel in the Unit. Known MRSApositive patients transferring from other wards to ICU were immediately assigned to one of the single rooms. For all other patients, swabs were obtained from the nostrils, throat and groin area for MRSA screening immediately after arrival. The results of the initial screening are normally available within four days. Patients with positive MRSA screening results were immediately relocated to single rooms. Routine quality assurance procedures require all patients to undergo weekly MRSA screening. Any patients with subsequent positive results were also relocated to one of the single rooms immediately.
Statistics
The results of air sample cultures were reported as MRSA positive or negative (i.e. nominal data), as was the presence of an MRSA colonized patient in each bed location. Correlation between MRSA positive air sample cultures and the presence of an MRSA colonized patient in any bed location was performed using Fisher's exact test. The correlation between the daily number of MRSA patients and number of positive air sample cultures was analysed by the Spearman's rho correlation. The level of statistical significance was P<0.05. Where appropriate, the results were expressed as mean±SD.
RESULTS
ICU and MRSA patients
Prior to the opening of the new ICU-1 unit, both air and surface swab samples were taken in all 12-bed locations including the nursing station. All samples were found to be MRSA-negative. Over the period of study, commencing the day ICU-1 opened, a total of 714 patients were admitted and 46 of these, i.e. 6.5% of all admissions, were found to be MRSA colonized on admission. Six of these patients, constituting 0.84% of all patients admitted, were found to be colonized in the initial screening and were placed in isolation in single rooms within four days of admission.
The other 40 patients were known MRSA carriers. A further 17 patients who were MRSA-negative at initial screening, were found to be positive in subsequent screenings post-admission after an average period of 14.0±6.8 days (range: 7 to 29 days). The average number of MRSA colonized patients in the unit per day was 2.0±1.3, ranging from 0 to 6 patients per day. Figure 2 shows the distribution of MRSA patients in the unit. Most MRSA colonized patients were confined to the single rooms, except when the number of such patients exceeded the number of rooms available. In such occasions, the extra patients were allocated to the open beds, mostly in Bed 7. When the number of MRSA patients exceeded five, Bed 4 and/or Bed 10 were also recruited ( Figure 2 ).
Air Sampling
A total of 480 air samples were collected on 80 days. Amongst the 480 samples, 39 (8.1%) were found to be MRSA positive. Twenty-four out of 160 of these were isolated from samples taken in single rooms Figure 3 shows the number of MRSA patients in the unit per day and the daily number of MRSA positive air samples during the period of study. MRSA was isolated from the air samples only when there was one or more MRSA colonized patients present in the unit. MRSA was not isolated from air samples when there were no MRSA colonized patients present in the unit. However, there were periods when MRSA was not found in air samples while MRSA colonized patients were present, e.g. day 5 to day 21 (Figure 3a ). There was a significant correlation between the daily number of MRSA positive air samples and the daily number of MRSA colonized patients (r 2 =0.128; P<0.005, Spearman's rho correlation) (Figure 3b) .
Association of MRSA cultures and number of MRSA patients
A strong correlation was also found between MRSA positive air samples and the presence of an MRSA colonized patient in Bed 9 (single room) (P<0.005) (Figure 4a ). The relative risk was 11.4 (95%CI=1.9-228.5). Such association was not found in relation to Bed 5 (P=0.644), where the relative risk was 2.13 (95%CI=0.3-18.0) (Figure 4b ). In the vicinity of Bed 9, 19 MRSA positive air samples were found with an MRSA colonized patient room occupancy rate of 61% (i.e. 49 out of a total of 80 patientdays). This corresponds to 0.38 samples per MRSA colonized patient-day. In contrast, only 5 MRSA positive air samples were found in the vicinity of Bed 5 where the occupancy was 33 MRSA colonized patient-days (or 41%). The number of MRSA positive air samples per MRSA colonized patient-day was only 0.15 for Bed 5, which was significantly less than that for Bed 9 (P<0.05).
DISCUSSION
Despite the periodic review of infection control guidelines [11] [12] [13] and continuous efforts by healthcare personnel, the control of nosocomial MRSA infections remains one of the biggest challenges in many health care institutions. Much of the effort invested in combating MRSA infections appears to be in vain. In 1999, it was reported that in the United Kingdom, MRSA accounts for 37% of all S. aureus infections compared to only 3% in 1991 14 . In Australia, MRSA has accounted for as many as one third of all S. aureus bacteraemia 15 . These high rates of MRSA infection imply either that adoption or compliance with infection control procedures in various institutions is inadequate or that the procedures laid down in infection control guidelines are not sufficient. A review of the most widely referenced infection control guidelines revealed that airborne transmission of MRSA is either not emphasized or not addressed.
The accepted predominant mode of transmission of MRSA is via contact 1, 2 . The most likely route of cross contamination is believed to be via healthcare personnel who become transiently colonized with MRSA when handling MRSA colonized or infected patients. The recent demonstration that transient colonization with MRSA can be prevented by wearing masks strongly suggests that transmission to healthcare workers at least, may be airborne 16 . Results of other studies also indicate that MRSA transmission could be airborne 4, 17 study supports the notion that airborne transmission of MRSA is both possible and plausible. In this study, a strong temporal correlation was shown between the finding of MRSA positive air samples and the number of MRSA colonized patients present in the unit at the time. These results suggest that MRSA is being disseminated into the air from these patients.
Several mechanisms have been proposed to account for the dissemination of MRSA. One such mechanism is the production of droplets by coughing or sneezing and their subsequent loss of water, which allows them to float in air over considerable distances and for a long time. Skin lesions have also been shown to be a source of airborne particles 18 . Patients with skin problems may disseminate MRSA via exfoliation of desquamated epidermal cells. This may partly explain some of the results we have obtained. For example, the spouse of one of the MRSA colonized patients helped clean the patient's body by rubbing and peeling off his desquamated epidermis. It was noted that during that period, the air samples obtained in that room (Bed 9) were mostly culture positive for MRSA. Dust particles originating from infected or colonized patients may be another potential source for airborne MRSA. Aerosols, such as those derived from washbasins, shower facilities, nebulizers or humidifiers, may also contribute 19 . Fans were occasionally used in the ICU for various reasons, e.g. cooling. Whether the use of fans helped augment dissemination of MRSA remains to be examined.
We were surprised to find a low MRSA positive air sample rate in Bed 5 compared to Bed 9, as both are single rooms. The discrepancy could partly be accounted for by the lower room occupancy rate and the pattern of the room occupancy by MRSA colonized patients. MRSA colonized patients were kept for a shorter period in Bed 5 compared with Bed 9 and there were more MRSA-free "breaks" between each MRSA colonized patient. The implications may be twofold. Firstly, shorter stays may result in less opportunity for the accumulation of airborne microbes. Secondly, more MRSA-free "breaks" may allow more time and opportunity for air-recirculation and room cleaning. As to whether shorter stays and more "breaks" would help control levels of airborne MRSA remains unknown and deserves further investigation.
Another unexpected observations of the study is the isolation of MRSA from air samples obtained in the open bed areas, unoccupied by MRSA colonized patients (e.g. Beds 1 and 2). The reason for this is uncertain but two explanations are possible. Firstly, the patients in those beds on those particular dates may have had undetected MRSA colonization when they were first admitted with the MRSA positive air samples collected before the results of patient screening were available. Our records indicate that there were four patients in Bed 2 and two patients in Bed 1 on those dates. Of these six patients, four (two from each bed), were found to be MRSA negative on screening throughout their stay in ICU. The remaining two patients from Bed 2 were MRSA negative when the air samples were collected, but they were found to be MRSA positive in subsequent screenings. 
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Therefore, the argument that the MRSA positive air samples were due to the presence of undetected MRSA colonized patients, i.e. in Bed 1 or 2, is unlikely to be sustained. Rather, these results suggest the contrary, that is, subsequent MRSA colonization of the latter two patients may be related to the presence of airborne MRSA. Secondly, the positive air samples may imply spread of airborne MRSA from the single rooms to the open bed area. Although this contention is difficult to prove directly, it remains a highly probable explanation and warrants further investigation. The exhaust ventilation from the single rooms is not recirculated. This raises the possibility of transmission of airborne microbes through single room doors, perhaps during movement of people in and out of the rooms or when the doors are open at times when the rooms are occupied by patients not colonized by MRSA.
Two major clinical implications can be drawn from the present study. First, in view of the apparent airborne mode of transmission of MRSA, it is desirable to have a high proportion of single-bed rooms in the ICU to isolate MRSA colonized patients and help contain airborne MRSA. In a recent article, Pearman and co-workers identified the lack of sufficient single rooms in the ICU and elsewhere as one of the factors contributing to a vancomycin-resistant Enterococcus faecium outbreak in Royal Perth Hospital 20 . Second, if the finding of airborne MRSA in the open bed areas suggests the transmission of airborne MRSA from the single rooms to the open areas, then an anteroom (airlock) design for each single-bed room might be necessary for fully effective containment. This design, which maintains a negative pressure gradient from the single room to the airlock and then to the ambient air of the open area, provides an additional barrier to movement of contaminated air out of the single room, as well as providing a controlled environment in which protective garments can be donned without contamination and where equipment and supplies can be transferred from the single room without contaminating surrounding areas 21 . In conclusion, this study has confirmed the presence of airborne MRSA in the ICU setting. The number of MRSA positive air samples found was closely related to the number of MRSA colonized patients. Major clinical implications are raised as a result of this study, especially where infection control guidelines ignore the probability of airborne carriage of MRSA. A study aimed at investigating the effect of implementing a modified infection control practice, targeting airborne MRSA in our Unit is underway. Further studies are also needed to clarify the extent to which airborne MRSA contributes to nosocomial infections in ICU.
